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VOLUME IV 


PHASE III ROTOR DESIGN 


Foreword 


This Final Technical Report was prepared ty the Advanced Technology 
Programs Department, Aircraft Engine Business Group, General Electric Company, 
Evendale , Ohio for the United States Air Force Systems Command, Air Force 
Wright Aeronautical Laboratories Wright-Patterson Air Force Base  Jhio under 
Contract F33615-80-C-2059. The work was performed over a period of 
one year starting in September 1980. Effren Strain (Captain USAF) was the 
Air Force Project Engineer for this program. 


This report describes the results of an effort to aerodynamically define 
five rotor designs, all parametrically related to a base line design which 
could be evaluated by future testing in order to define the sensitivity 
of transonic blade rows to several design variables. 


For the General Electric Company Mr. D.E. Parker was the Technical 
Program Manager for this program. Mr. M.R. Simonson was the principal 
investigator. Mr. A.J. Bilhardt was the overall Program Manager. 
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SECTION XIII 
DESIGN OF PHASE III ROTOR 


1. INTRODUCTION 


The efficiency of a transonic rotor is influenced by shock losses as well 
as losses due to cascade diffusion and secondary flow effects. The magnitude of 
the shock losses increases rapidly as the inlet Mach number jncreases. The av- 
erage Mach number just ahead of the leading edge passage shock is influenced by 
the shape of the blade suction surface ahead of the shock. Increasing the aver-~ 
age suction surface angle ahead of the shock reduces the average Mach number 
ahead of the shock and presumably reduces the shock losses. However, this results 
in a reduced cascade throat area. If the throat is too small, the cascade will 
not pass the design flow and may not achieve the attached shock pattern which is 


desired for ninimum loss. 


Also if the blade suction surface angle is made steep ahead of the cascade 
mouth, or covered po.tior, it may be necessary to have a rapid change in blade 
meanline angle at the cascade mouth to prevent the throat from becoming too small 
within the covered channel. A rapid change of suction surface angle increases 
the surface Mach number ahead of the shock and tends to worsen the shock-boundary 
layer interaction. This consideration may influence the optimum throat margin 


for best efficiency. 


For cascades having an inlet Mach number greater than about 1.3, it is pos- 
sible to achieve a net precompression of the flow ahead of the passage shock and 


still maintain a throat area sufficiently large to pass the flow. 


The maximum flow that a transonic cascade can pass is set vy the average 
suction surface angle in the flow induction region ahead of the first captured 
Mach wave, provided that the throat area is sufficient and not limiting. Hence 
any increase in suction surface angle must take place aft of the flow induction 


region or there will be a reduction of flow. 


To get more definitive data on the effect of the suction surface shape 
ahead of the leading edge passage shock, and on the interrelation of the suction 
surface shape and the cascade throat area, the Phase III and the Phase IV blades 
were designed to have smaller throat areas in the outer 80% of the blade than 


the baseline rotor. While the throat areas of the Phase III and Phave IV rotors 


pitas OU Sie 4 
1 ee 


were essentially the same, the Phase IV blade has some what less external com-~ 
pression and some what more internal compression. As a result, the Phase III 
blade has greater suction surface (and meanline) curvatures in the region of 


the cascade mouth than does either the Phase IV or the baseline rotors. 


2. DESIGN PROCEDURE 


The "data match" circumferential average flow solution and the Stream 
Surface Blade Sections (SBS) analysis of the baseline rotor previously described 
in Volume I were used as a starting point for the design of the Phase III rotor. 
However, a higher efficiency was assumed for the outer 80% of the flow since 
it was believed that the Phase III blade should have reduced shock losses and 
increased efficiency in this region. The rotor exit total pressure was main- 
tained the same as the baseline rotor while the total temperature was reduced 
to reflect the assumed higher efficiency. The assumed chord-wise distribution 
of work was iteratively adjusted to obtain a calculated chord-wise distribution 
of static pressure which had a shape similar to that of the data match calcula- 
tions of the base line rotor. However, the level of static pressure was higher . 
in the outer portion at the rotor exit as a result of the assumed higher effi- 
ciency and consequent reduced energy input of the Phase III rotor. The result~ 
ing streamline static pressure distribution for the Phase III blade is compared 
with the data match of the baseline rotor on Figure 44. 


The assumed streamline work input (as a fraction of the total streamline 
work) is plotted versus percent axial projection in Figure 45. The tip stream- 
line is the one on the left. Each subsequent streamline is indexed to the right 
by the value of its stream function (fraction of the total flow from the tip). 


The dashed lines are lines of constant percent axial projection. 


The blade meanline departure angles (the difference between the air angle 
and the meanline angle) were adjusted to achieve the desired suction surface 
contour in the forward part of the blade and yet maintain sufficient throat area 


to pass the desired flow. 


After each modification to the chordwise work distribution and/or departure 
angles, revised blade annulus blockage and blade lean angles were calculated and 


input to the circumferential Average Flow Determination (CAFD) computer program 


——— PHASE III | 
'--~— DATA MATCH | 


PSI 


STATIC PRESSURE, 


FRACTION OF AXTAL PROJECTION 


Figure 44 . Phase III Rotor Static Pressure Distribution 
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for the next iteration. 


A method of characteristics computer program was used to analyze the flow 
in the cascade flow induction region for streamlines 3 and 6 to assure that the 
rotor would achieve the design flow. For other streamlines the differences 
between the suction surface angle and the "free-flow" streamline angle was com- 
pared with similar data from the data match calculations of the baseline rotor. 
This, then, was used as a guide in setting the suction surface angle in the flow 
induction region. 


Figure 46 shows the radial distribution of the Phase III rotor throat margin 
compared with the data match case. It can be seen that the throat margin was 
set at essentially 5 percent in the outer 80 percent of tne blade, except for 
locally at the tip where the margin is a little over 6 percent. The throat 
margin for a streamsurface blade section is defined here as the percent of excess 
throat area over and above the minimum theoretical area required to pass the 
streamtube flow at a throat Mach number of 1.0 and assuming a total pressure loss 
equivalent to a normal shock at the upstream Mach number. In a rotor the effect 
of radius change (between the leading edge and throat) on the relative total 
enthalpy and pressure is included. 


The radial variation of incidence angle for the Phase III blade is shown on 
Figure 47. Since the blade thickness distribution and leading edge wedge angle 
are the same as the baseline rotor, the incidence angles were kept very close to 


the data match values of the base line rotor. 


A modified version of Carter's Rule was used to calculate a reference de- 
viation angle for the baseline rotor. This procedure converts the vector dia- 
grams (from the data match calculations) to an equivalent two-dimensional set of 
vectors which would produce the same circulation as the actual blade taking into 
account the change in streamline radius and meriodional velocity. The difference 
between the deviation angle implied by the data match calculations and the refer- 
ence deviation angle was then added to the reference deviation angle calculated 
from the modified Carter's Rule for the Phase III blade. 


The radial distribution of the Phase III rotor deviation angle is shown on 
Figure 48 and the deviation angle minus the reference deviation angle is com- 


pared with the data match values in Figure 49. 
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Figure 46. Phase III Rotor Throat Margin 
Compared With Data Match 
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Figure 47 . Phase III Rotor Incidence Angle 
Versus Fractional Immersion 


FRACTION OF IMMERSION 


-$ 0 ) 10 15 20 a) 
DEVIATION ANGLE, DEGREES 


Figure 48, Phase III Retor Deviation Angle 
Versus Fractional Immersion 
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A plot of departure angles for each streamsurface section is shown in 
Figure 50. Once the intrz‘lade work distribution was chosen these departure 
angles were required to satisfy the desired incidence angles, deviation angles, 
and passage area ratios. The resulting streamsurface tip section of the 
Phase III rotor is compared to that of the baseline rotor in Figure 51. 


The radial distribution of the stator incidence angle for the Phase III 
rotor is compared with the data match of the base line rotor in Figure 52. The 
lower stator incidence angle in the outer 40 percent of span for the Phase III 
design is largely the result of the assumed higher efficiency in the outer 
portion of the rotor. 


Details of the Phase III rotor design are given in Section XV. 
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Figure 5l_. Phase III Rotor Streamsurface Tip Section Compared 
with Baseline Design 
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Phase III Stator Incidence Angle 
Compared With Data Match 


SECTION XIV 
DETAILS OF PRASE III ROTOR DESIGN 


1. CIRCUMFERENTIAL AVERAGE FLOW SOLUTION 


The following tabulation presents the detail results of the Phase III rotor 
circumferential average flow computation. Each page of the tabulation gives 
results for one calculation station. Figure 53 shows the calculation station 
locations within the gas flowpath. At each calculation station various aero- 
dynamic parameters are given on each of thirteen calculation streamlines. Also 


given are several mass averaged station flow properties. 
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2. STREAMSURFACE BLADE COORDINATES 


Figure 54 shows the stacked Phase III rotor streamsurface sections. Each 
page of the following tabulation gives the coordinates for one of these sec cions. 
The streamline designation for these sections corresponds to the calculation 
streamlines of the circumferential average flow calculation. Streamline 1 is 
at the casing and streamline 13 is at the hub. Also given in the tabulations 
are coordinates for the section meanline, the meanline angle, and the section 
thickness at each point. Streamsurface section chord, camber angle, and stagger 


angle are also given. All dimensions in this tabulation are in inches or degrees. 
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Figure 54. 
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Stacked Phase III Rotor Streamsurface Sections 
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3.0 PLANE SECTION BLADE COORDINATES 


Figure 55 shows the stacked Phase III rotor plane sections. The following 
tabulation gives the coordinates for these sections. These sections are spaced 
one half inch apart, beginning at the tip height of 8.5 inches and progressing 
inward to 2.5 inches. These are the same section locations as given for the 
base line rotor in Reference 1. Also included in the tabulation are coordinates 
for the section meanline, the meanline angle, and the section percent thickness 
at each point. Plane section chord, camber angle, and stagger angle are also 
given. These coordinates are intended to represent the blade under hot running 
conditions and do not include any corrections for blade untwist, meanline defor- 
mation, centrifugal growth or thermal growth. 


ROTATION 


Figure 55. Stacked Phase III Rotor Plane Sections 
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